Abstract: Batteries are promising storage technologies for stationary applications because of their maturity, and the ease with which they are designed and installed compared to other technologies. However, they pose threats to the environment and human health. Several studies have discussed the various battery technologies and applications, but evaluating the environmental impact of batteries in electrical systems remains a gap that requires concerted research efforts. This study first presents an overview of batteries and compares their technical properties such as the cycle life, power and energy densities, efficiencies and the costs. It proposes an optimal battery technology sizing and selection strategy, and then assesses the environmental impact of batteries in a typical renewable energy application by using a stand-alone photovoltaic (PV) system as a case study. The greenhouse gas (GHG) impact of the batteries is evaluated based on the life cycle emission rate parameter. Results reveal that the battery has a significant impact in the energy system, with a GHG impact of about 36-68% in a 1.5 kW PV system for different locations. The paper discusses new batteries, strategies to minimize battery impact and provides insights into the selection of batteries with improved cycling capacity, higher lifespan and lower cost that can achieve lower environmental impacts for future applications.
Introduction
Energy storage technologies are a key element of modern electrical power system, both for the conventional and the renewable energy systems applications [1] . They have a wide range of applications in electrical systems both in the on-grid and off-grid electrical power generation systems, and are amongst the distributed energy resources (DERs) [1, 2] . Some of their major applications include balancing the variable characteristics of the renewable energies, providing ancillary services such as frequency and voltage stability, ensuring a reliable energy supply and increased penetration of renewable energy technologies [1] [2] [3] .
The storage systems currently engaged for stationary applications include the pumped hydro, compressed-air, superconducting magnetic, capacitors and super-capacitors, flywheel, pumped heat lifecycle impact and the possible ways to achieve environmentally friendly energy solutions and operation in the future, in the wake of increased renewable energy-based electricity systems around the world.
Therefore, while this current paper focuses on the review of the state-of-the art of battery storage technologies, it analyses the environmental impact of battery storage technologies in a renewable energy system application. To achieve a sustainable energy requires the consideration of some enabling planning, development and management perspectives, which include the social, technical, economic and the environmental aspects [40] . Though some of the studies have considered the techno-economic aspects, which is an acceptable analysis technique for ascertaining the technical and economic feasibility of the system [1, 4, 15, 26, 37] , it is also important to examine the environmental impact of the storage system over the energy system's lifetime. Therefore, this research attempts to consider the critical gap by first introducing an optimal battery technology sizing approach, which is crucial for determining the battery capacity and selecting the suitable battery cells for energy generation applications. It also analyses the life cycle environmental impact of batteries in a renewable energy system application.
In order to determine an optimal battery size, this paper proposes a novel approach that interfaces two critical energy generation design factors such as the reliability and cost. The study considers the system reliability in terms of loss of power probability (LOPP), which is relates the unmet energy demand with the total energy demand over the year [4] . Obtaining a minimum cost at a given LOPP is an important objective and criterion that informs the technology selection. The paper considers the cost in terms of the cost of energy (COE) in $/kWh, using the life cycle cost analysis [31] .
To assess the impact of batteries, this study uses a stand-alone or grid-independent solar PV energy generation system as a case study. It then examines how the lifespan, cycling capacity and the number of replacements of the lead-acid battery cells contribute to the environmental impact of the system over the project lifetime of 25 years. Lead-acid battery has been selected for the analysis because of its commercial maturity and cost-effectiveness compared to other systems [5, 26] ; more so, it is the most widely used battery storage technology. The proposed contributions of this paper are expected to provide insights not only into the global progress in battery technologies, but also stand as a reference point for ascertaining the impact of batteries in electrical power systems, especially the off-grid systems that are associated with frequent replacements of battery banks over the project life [5] .
The study uses the lifecycle emission rate (LCER) of the lead-acid battery and the number of times the battery cells are replaced over the PV energy system's lifespan of 25 years, to assess the GHG impact of different sizes of batteries. In addition to the impact assessment, the paper highlights the possible strategies to minimize the environmental impact of battery cells, and discussed the important criteria for selecting battery technologies for energy systems application. These can serve as a basis for environmental sustainability planning. This paper maintains a position that while it is important for the research community to continually work towards improving the cycling capacity, round-trip efficiency and the energy density of batteries, it is also necessary to intensify research in the aspect of environmental impact of batteries in the modern-day energy system. The remaining part of the paper is arranged as follows: Section 2 discusses the existing battery technologies and their comparison; Section 3 presents the case study and methodology; Section 4 focuses on the results of the impact analysis; Section 5 presents the new and future battery technologies; Section 6 presents the criteria for battery selection while Section 7 concludes the paper.
Battery Storage Technologies
Rechargeable (secondary) battery storage systems comprise of a wide range of technologies and are classified based on the type of electrodes and electrolytes used in their storage system arrangements [26] . The operation of a typical battery energy system is presented in Figure 1 . The battery system is made up of electrochemical cells that are wired in series, and which generate electrical energy at a specified voltage through an electrochemical reaction. Each electrochemical cell has two electrodes (i.e., anode and cathode) and an electrolyte [16] . An electrochemical cell can convert energy from electrical to chemical energy and vice-versa. At discharge, the electrochemical reactions occur at the two electrodes at the same time. Therefore, electrons are provided from the anodes and are collected at the cathodes at the external circuit. During the charge state, the reverse reactions occur and the battery is recharged through an external voltage that is applied to the electrodes. The battery technologies are practically the most widely used storage technologies because of the ease with which they are designed and manufactured [41] , and are employed for bridging power applications in electrical systems [3] . This is because of their relatively lower cycling capacity compared to super-capacitors, flywheel and superconducting magnetic storage systems that are popularly used for power quality purposes.
The popular battery technologies systems currently engaged for stationary applications include the lead-acid, sodium sulfur (NaS), sodium-nickle chloride (NaNiCl 2 ), also known as ZEBRA, nickel cadmium (Ni-Cd), lithium-ion (Li-ion), zinc-bromide (Zn-Br), polysulfide bromine (PSB) and vanadium-redox (VRFB) [26] , including the new systems such as advanced valve regulated (VRLA) lead-acid, lead-carbon, metal-air technologies, UltraBattery, battery with current collector improvement, advanced sodium-metal chloride, high performance sodium-copper chloride and nanostructured energy materials in lithium batteries.
The history of battery advancements is presented in Table 1 . The information details the various inventions, the Scientists who developed the ideas/technologies between the year 1600 and 2002. The voltaic cell technology was invented in 1800 by Alessandro Volta, which sets the pace for the battery storage system, even though the idea of electrochemistry dates to 1600. 1. Bulk wind to distributed energy storage. Coupling the wind resource with distributed battery storage will help address the issue of intermittent energy generation. As such, large scale wind may be integrated with the existing grid in the future. 2. Community-based energy storage (CES). A community battery storage system may be designed to island, meaning that when a localized section of the distribution power system is isolated from the grid, it can support the users' demand, e.g., a back-up power. Battery systems can also be used as part of a completely autonomous power generation system with a solar PV, wind, small hydro, biomass and/or distributed diesel power plant serving an off-grid homes or community. 3. Distributed grid-integrated PV system. A grid-connected or on-site storage located/connected near the PV system helps to manage the challenges of rapid output variations, daily variations, power quality issues-harmonics and the mismatch between the PV output and the users' demand that are posed by grid-connected PV systems without storage. 4. Energy storage and plug-in vehicles. A distributed battery storage system for electric vehicle charging can be a part of a localized energy system strategy to integrate a distributed solar PV power to improve the reliability of energy supply at a specified portion of the electric grid. 5. End-user bill management. Storage system could be employed to reduce the cost of electricity service. Such an application could also help the end-users to "time-shift" their energy from PV or other generation options or it could be employed to integrate a nearby solar PV system. In this case, a time-of-use (TOU) energy pricing may use storage to reduce electricity cost when the demand and the price of energy are low, and then used later when the demand and price are high, instead of purchasing high-priced electricity. 6. Flexible peaking resource. "Peakers" or "Peaking resources" are designed to serve peak electricity demand. One of the alternatives to peakers is the energy storage option, e.g., battery, which can provide a responsive and high flexible peaking resource compared to the demand-side management approaches. Using modular battery storage for serving a peaking demand could also be cost-effective.
7. Frequency regulation. Traditionally, frequency regulation is essentially the "ramping" of electric generation assets in a timeframe of minutes. However, electricity storage has the potential of serving this purpose in milliseconds, which also provides an economic prospect. For instance, the Pacific Northwest National Laboratory (PNNL) suggested that storage systems on a millisecond timeframe could have a value of at least that of 20 mins timeframe electric power assets. Battery storage system is one the popular storage options that can contribute to the grid stability. 8. Spinning reserve. Utilities are usually charged with the responsibility of being able to accommodate the loss of the largest power generator in the network with minimum load flow and frequency deviation. In this situation, all generators have a proportion of their reserve capacity associated with their primary energy source and inertia. For a steam-power option, additional fuel is wasted as the generator will be operated below its rated capacity. Nowadays, storage systems are used for this capability through dedicated power converters that interact the with the power grid. 9. Transmission and distribution (T & D) upgrade deferral. Storage systems are a key option for deferring or avoiding the need for upgrading the transmission and distribution apparatus. Since a modular configuration of a storage system, e.g., battery could be employed to serve a small proportion of peak demand, there will not be the need to increase the capacity of the T and D in the short-term. This also helps to extend the life span of the T and D equipment. 10. Uninterruptible power systems (UPS). Battery systems are a crucial component of the UPS used to provide a stable and reliable power for critical loads, e.g., medical, emergency lighting and communication equipment, to minimize or forestall lost productivity, facilities or equipment damage.
Lead-Acid
The lead acid technologies are the oldest form of battery energy storage system developed by a French physicist Gaston Planté in 1859 [1, 3, 26, 41] . They have been a common storage option for minior micro-grids or the grid-independent electrical power systems, uninterrupted power supply and spinning reserve applications [1] .
The electrochemistry of lead-acid technologies in the charge state consists of a lead dioxide (PbO 2 ) and lead (Pb) in a concentrated tetraoxosulphate (VI) acid electrolyte [41] . The PbO 2 and the Pb are the positive and negative electrodes, respectively. However, in the discharge state, the electrodes-lead dioxide and the lead are converted to lead sulphate (PbSO 4 ); thus, they consumed the sulphate ions. This development reduces the specific gravity of the electrolyte to a level similar that of water, meaning that the electrolyte loses its dissolved tetraoxosulphate (VI) acid and turns to water [1, 41] .
The PbO 2 (positive electrode) is the key factor that influences the performance and cycle life of a lead-acid technologies [41] , while Pb (negative electrode) determines the cold-temperature performance of the systems. The electrochemical reactions of lead-acid batteries are as follows. At the anode (i.e., positive electrode) Pb + SO
2− 4
PbSO 4 + 2e − At the cathode (i.e., negative electrode)
There are different types of lead acid technologies including the flooded type that requires regular topping up with distilled water and the sealed maintenance free type that has a gelled/absorbed electrolyte, and the valve regulated type [1, 3] .
Lead-acid batteries have a low cycle life ranging from~2000-2500, a round trip-efficiency (RTE) of~70-90%, and a lifespan of~5-15 years and a low energy density of~40-50 Wh/kg [26, 41] . They are identified as low-cost secondary battery technologies, which is one of the reasons for their widespread application electrical and renewable energy applications.
They possess a moderately good operating temperature ranging from −40 • C-60 • C [41] . However, they have a potential for generating a negative environmental influence because of the toxic remnants they produce [1] . Their grids also contain antimony and arsenic, which constitute health hazards [41] .
Sodium-Sulfur
The NaS technologies were developed by NGK Insulators and Tokyo Electric Power in 1987 [26] . They are one of the most proven battery storage technologies for the mega-watt scale electrical applications [14] . They NaS batteries have been applied for power quality and power time shift purposes, because of their relatively higher RTE ranging from 75-~90% [1, 26] . The NaS battery consists of molten sulphur at the anode and molten sodium at the cathode, which are separated by a solid beta alumina ceramic electrolyte [1] . The electrolyte allows the positive sodium (Na + ) ions to flow through it and then combines with sulphur to form sodium polysulphides as 2Na + 4S Na 2 S 4
In the discharge state, the Na + ions flow through the electrolyte and this causes electrons to flow in the battery's external circuit, thus, delivering 2 V. The electrochemistry is a reversible process, as charging causes the Na 2 S 4 to release the Na + back through the electrolyte, to recombine as elemental sodium (Na). The schematic diagram of the structure of NaS is presented in Figure 2 . They have a cycle life, lifespan and discharge time of 2500-4500,~10-15 yr and up to 7 h, respectively [44] . The power rating of the technology is scalable, and this promises widespread utility-scale applications in the future. The typical energy and power densities of the NaS technology range from 150-240 Wh/kg and 150-230 W/kg, respectively [1]. However, the main drawback of this technology is that a heat source is usually required that uses a part of the battery's energy; thus, reducing the battery performance, as it needs to operate at a high temperature of about 300-350
Nickel-Cadmium
This technology is one of the oldest battery storage technologies [1, 26, 45] , for instance, the nickel-cadmium (Ni-Cd) battery was invented by Waldmar Jungner in 1899. However, the application of the Ni-Cd was limited because of material cost and the difficulty to manufacture. There exist five different battery technologies that use the nickel-electrode in their design, manufacture and operation [3, 45] . These include the nickel-iron (NiFe), Ni-Cd, nickel hydrogen (Ni-H 2 ), nickel metal hydride (Ni-MH), and nickel-zinc (Ni-Zn). Ni-Cd and Ni-MH are the widely used technologies compared to others; however, Ni-Cd is currently the most utilized nickel-electrode in modern utilities around the world [45] .
They have energy and power density of 50-75 Wh/kg and 150-300 W/kg, respectively, cycle life of 2000-2500, a lifespan of~10-20 years and RTE of~70-72%, see [3, 11, 44] . The Ni-Cd battery is employed for different applications such as power quality and for forestalling unscheduled outage, i.e., emergency reserve for communication services, for power tools, portable devices and emergency lighting, UPS and generator starting [1, 26] .
The anode of the Ni-Cd battery is nickel hydroxide (Ni(OH) 2 ) while the cathode is a cadmium hydroxide plate. The battery also has a separator, and an alkaline electrolyte [1] . The battery usually designed with a metal case and a sealing plate, equipped with a safety valve. During the charging process, the Ni(OH) 2 is converted to nickel oxyhydroxide-NiOOH, while the anode is converted to cadmium hydroxide Cd(OH) 2 [3, 46, 47] . The conversion process of the anode is possible through oxidation when it is charged in the presence of aqueous potassium hydroxide KOH. In the discharge state, NiOOH reacts with H 2 O to produce the Ni(OH) 2 and hydroxide ion at the anode [45, 47] . The electrochemistry of the battery system is described by
and illustrated in Figure 3 . 
Lithium-Ion
Traditionally, lithium-based batteries are widely used in smaller appliances, such as mobiles and laptops but not employed for electric power supply purposes [11] . Lithium batteries are fast developing since their invention in the 1960s and are categorized into lithium polymer cells and lithium-ion technologies [1, 11, 42, 49] . In lithium-ion battery technology, the organic carbonates of lithium (LiPF 6 ) are used as electrolyte. The negative electrode is usually a lithium metal oxide such as LiMO 2 During discharging, the process is reversed. The battery electrochemistry is illustrated in Figure 4 . . Lithium-ion battery electrochemistry [48] .
As research and development in the technology advances, the energy density has increased from 75-200 Wh/kg, with an increased cycle life of 10,000 cycles [1] . The RTE of the Li-ion batteries is about 100%. This is an important of this technology over other battery technologies. The lithium polymer batteries, on the other hand, have relatively lower efficiency and lifespan [11] .
Flow Batteries
These battery technologies are designed to store energy in the electrolyte solutions-a feature that is opposite to the conventional battery technologies in which the electrodes are used for such a task [1, 26, 50] . The battery arrangement also includes additional electrolyte that is stored externally in tanks, and is pumped through the cell (or cells) of the reactor [1] .
The mode of operation of flow battery technologies is based on reduction-oxidation (redox) reactions of the electrolytes. In the charging state, one electrolyte is oxidized at the positive electrode while the other is reduced at the negative electrode [16] . This way, the electrical energy is converted to chemical energy. The chemical reaction is reversible and it allows the battery to be charged, discharged and recharged as desired.
The power and energy capacities of these battery technologies could be designed independently, i.e., the energy capacity is determined by the amount of electrolyte that is stored in external tanks but the power rating is ascertained through the active area of the cell compartment [26, [50] [51] [52] [53] . These technologies have the potential for continuous release of energy at a high rate, with a discharge of up to 10 h [1].
Flow batteries are categorized into two technologies such as redox flow batteries and hybrid flow batteries, depending on if all electro-active materials could be dissolved in the electrolyte [16] . Examples of the redox type are all vanadium (e.g., vanadium redox flow (VRB)), polysulphide bromide (PSB), iron-chromium etc., while the hybrid types are zinc-bromine and zinc-cerium [50] . The schematic diagram of the structure of a flow battery is shown in Figure 5 . 
Zinc-Bromine
In these battery technologies, two aqueous electrolyte solutions contain the reactive materials made of zinc (Zn) and bromine (Br) elements, which are stored in two external tanks [16] . During the discharge process, the reactive materials combine to form zinc-bromide, and then generate 1.8 V across each of the battery cells [1] . This then increase the Zn 2+ and Br-ion densities in the two electrolyte tanks. However, in the charge state, zinc is deposited as a thin layer on a side of the composite electrode, while bromine is developed as a dilute solution on the other side of the membrane. It then reacts with other agents, i.e., organic amines to develop thick bromine oil, which sinks to the bottom of the electrolytic tank [1] . This is mixed with the remaining electrolyte during discharge. The chemical reactions at the anode and the cathode are described by The zinc-bromine batteries have a lower RTE and lifespan of~65-75% and over 2000, respectively, compared to the conventional lead-acid batteries [1, 16] . They have an energy density ranging from 30-50 Wh/kg [1]. However, the major problems with ZnBr battery are material corrosion and dendrite formation [16] .
Sodium-Nickel Chloride
This technology has been commercially available since about two decades ago [26] . It is otherwise known as Zero Emission Battery Research (ZEBRA) and is also recognized as a high-temperature battery with temperature ranging from 270-350 • C [1, 26] . In the case of NaNiCl 2 , the nickel chloride is used as the anode instead of sulphur as is the case with NaS. The electrochemistry for ZEBRA is described by 2NaCl + Ni NiCl 2 + 2Na
ZEBRA battery technologies can withstand limited overcharge and discharge; they possess better safety characteristics, a higher cell voltage of 2.58 V, compared to the NaS technologies [1]. They have a cycle life of~2500 and a lifespan ranging from 10-14 years, with a discharge time of seconds to hours and RTE of~85-90% [55] . However, they possess energy and power densities of~100-120 Wh/kg and 150-200 W/kg, respectively, which are better than the values reported for lead-acid technologies.
Vanadium Redox
The vanadium redox flow (VRB) is one among the mature flow battery technologies, and it stores energy by using the vanadium redox ions V 2+ /V 3+ and V 4+ /V 5+ in two different electrolytic tanks [1, 16, [56] [57] [58] . It uses the vanadium in the four oxidation states, thus, making it to have only one active element in the anolyte and catholyte [16, 50] . In the charge/discharge states, the process involves the exchange of H + ions through the selective membrane of the ion, and a cell voltage of 1.4 V is developed in the process [16] . The chemical reactions are described by
while the structure of VRB is illustrated in Figure 7 . Vanadium redox batteries possess quick responses, even faster than 0.001 s and they have cycle life in the range of 10,000 to over 16,000 cycles [16, 29] . They have a RTE of~85% and can guarantee continuous power with a discharge duration of over 24 h [16] . They have an energy density of 10-30 Wh/kg and lifespan of 5-10 years [1]. They are suitable for enhancing power quality, uninterruptible power supply UPS, forestalling unscheduled power outages, and balancing the intermittent characteristics of renewable energies [16] . However, the major challenges with VRBs are low electrolyte stability and solubility, which results in low energy density, and relatively higher operating cost [1,16].
Polysulphide Bromine
In these batteries, a reversible electrochemical reaction is allowed between two electrolytes (salt solution) viz. sodium bromide and sodium polysulfide, as described in [1] 3NaBr + Na 2 S 4 2Na 2 S 2 + NaBr 3
The electrolytes are separated in the cells by a polymer membrane that only allows the migration of positive sodium ions, making the battery to generate~1.5 V across the membrane [1].
The main advantages of PSB batteries are the abundance and cost-effectiveness of the materials for producing the two electrolytes and their solubility in aqueous electrolyte [16] . They also have a fast response time of around 0.02 s [1, 58] , and this makes them a suitable technology for power system frequency control and voltage control. They have a lifespan ranging from 10-15 years, and a RTE efficiency of~75% and they also operate at room temperature [1, 16] . However, during the electrochemical reactions, bromine and sodium sulphate crystals are produced and this may result in negative environmental impact [16] .
Comparison of the Battery Technologies
The comparison of the battery energy storage systems is presented in Tables 2 and 3 . This includes the development status of the different technologies, the energy and power capital cost and their environmental influence, advantages and shortcomings.
It is clearly presented that the lead-acid is a mature technology; NaS, NiCd and ZEBRA have a commercial status, while that of VRB is early commercialization. Li-ion, ZnBr and the VRB are also developed, while PSB is currently still in its development stage. Apart from these technologies, there are some new technologies that are currently being researched and developed by some laboratories/Scientists around the world. These will be discussed later in this study.
The information presented in Table 2 further demonstrates that the lead-acid is not only a mature technology, but also one of the cheapest battery storage option of the all the technologies presented. Its energy and power capital costs range from 200-400 ($/kWh) and 300-600 ($/kW), compared to the values presented for the other technologies. It also obvious that the ZEBRA presents cost effective power and energy solutions.
Though the lead-acid battery is mature and presents a cheap energy storage option, it produces toxic remains, which has a negative environmental influence. Furthermore, the NiCd, VRB and PSB technologies are also toxic and they have a negative environmental influence. One of the possible measures to address issue of the negative effect is by using an effective recycling system [1, 16] . Such a measure will minimize the cumulative environmental impact. 
Technology Advantages Shortcoming
Lead-acid Low cost, mature and readily available, reliable and easily replaced, suitable for power quality, UPS and spinning reserve applications.
High maintenance requirement, short cycling capability, low power and energy density, Slow charge, Low weight-to-energy ratio, thermal management requirement, and has an environmental hazard (i.e., toxic component).
NaS
Relatively high power and energy density, efficient, economical for power quality and peak shaving purposes.
Heat source requirement, high cost.
NiCd
Relatively high energy density, relatively low cycling capability, high mechanical resistance, low maintenance requirement, suitable for power tools, emergency lighting, generator starting, telecoms and portable devices.
High cost, environmental hazard (e.g., toxic heavy metal "cadmium"), memory effect in which case the charge on the battery becomes full after a couple of full discharges.
Li-ion
Relatively high power and density, almost 100% efficient, higher cycling capacity, fast response to charge and discharge operations.
High cost, degrades at high temperatures.
ZEBRA
Ability to withstand limited overcharge and discharge with a better safety features and a relatively high electrochemical cell voltage (2.58 V), suitable for load-leveling applications in the industry.
Lower power and energy density compared to NaS, suitable for large capacity applications (>20 kWh capacity), only one manufacturer produces this battery technology (i.e., Beta R&D in the UK).
VRB
High round-trip efficiency (RTE), suitable for improved power quality, UPS, peak-shaving, integration of renewable resources.
PSB
Operates at room temperature. Relatively low DC output voltage (about 1.5 V).
ZnBr
Lower RTE and lifespan compared to the conventional lead-acid, suffers material corrosion and dendrite formation.
Redox Flow batteries
Relatively high power and energy density, useful for large-scale applications. High cost, complex standardization.
Grid-Independent PV System
This study uses an existing grid-independent solar PV energy generation system presented in [66] , as a case study. The analysis of a silicon-based 1.5 kW PV energy system was discussed in this previous work, focusing on off-grid houses in six different locations in Nigeria. The research considered six remote houses, one from each of the Nigeria's geo-political zones.
However, while the life cycle impact of the 1.5 kW solar PV array was considered, the study did not examine the life cycle impact of the battery cells. Therefore, this current research intends to provide a better evaluation of the proposed PV energy system by including the impact of the battery storage system. The results are expected to provide a basis for better understanding of the percentage contribution of the impact of batteries in a renewable energy system application (e.g., a solar PV system in this case).
Importantly, there is currently, no solar PV cell production plant in Nigeria. Even the existing 7.5 MW NASENI PV panel manufacturing plant in the country sources its PV cells from other countries [67] . Therefore, the PV cells/modules that are used in the country are imported mostly from other countries, China, US and Europe (especially China). In this case, the LCER for China [68] was used to analyze the impact of the PV system in Nigeria. Though the results of the analysis are approximate, they are expected to aid the understanding of the energy flow and life-cycle environmental impact of solar PV system. A similar approach is used in this study for the battery impact analysis, as there is a dearth of battery manufacturing plants and its life cycle assessment (LCA) inventory in the country.
Brief Background
The locations used are typical remote communities with no access to the national grid. However, they experience a good sunshine, which can make solar PV systems a suitable energy option for the intended users. Therefore, the solar energy resources can be useful for addressing the prevailing challenge of electricity shortage in the communities.
The average peak sun hour (PSH) of Nigeria's six geo-political zones is shown in Figure 8 , see [66] , which ranges from 3.84-6.8 and 3.45-5.98 for the northern and southern regions, respectively [69] . These zones are North-east (NE), North-west (NW), North-central (NC), South-east (SE), South-south (SS) and the South-west (SW). The PSH represents the average solar irradiation of these locations in kWh/m 2 /d [70] . It is, therefore, evident that the country's northern region has a relatively higher solar energy resource. The load profiles of the houses for the six locations are shown in Figure 9 . There is a disparity in the demand profiles even though the same PV capacity of 1.5 kW are considered for all the locations, while the values of the peak sun hour differ. The demand ranges from 4.15-6.29 kWh/day. The energy consumption patterns of the houses are similar because the same category of people is considered all over the zones, i.e., the low-income occupants. 
Methodology
The life cycle impact of the off-grid solar PV arrays has been discussed in the previous paper without considering the impact of the balance of system (BOS)-battery and inverter [66] . However, in this new study, the impact of the battery and the inverter will be assessed. The study uses the life cycle emission rate (LCER) reported in [69, 71] to estimate the total impact of the battery and the inverter systems.
Life Cycle Emissions
The solar PV system's life cycle GHG emissions are evaluated as an equivalent of carbon dioxide (CO 2 ) over a 100-year integrated time frame, based on the most recent GWP factors presented by the Intergovernmental Panel on Climate Change (IPCC) [66, 68, [72] [73] [74] [75] [76] . The major emissions include the CO 2 , methane (CH 4 ), Dinitrogen monoxide (N 2 O) and chlorofluorocarbons (CFC), with a corresponding GWP of 1, 25, 298 and 4750-14400 [68] . The carbon emissions are calculated as
based on the mentioned information, where C E represents the solar PV's life cycle emissions; index x stands for the species of emissions that belong to the specified GHG family; µ x represents the GWP factor corresponding to the species of emissions x. CE x represents the cumulative emissions of species x over the PV system's life cycle, which is the addition of the direct and the indirect emissions [66] [67] [68] [77] [78] [79] . The YEO is the PV system's yearly energy output. The LCER is measured in g CO 2 -eq./kWh, while the total GHG impact of a system/component is measured in kg CO 2 -eq. The existing LCA data published in [77] shows that the life cycle GHG emissions of crystalline PV range from 50-100 g CO 2 -eq./kWh. LCERs of 37.3 and 72.2 g CO 2 -eq./kWh have been published for Europe and China, respectively [68] , while the values of 35-55 g CO 2 -eq./kWh were published [80] . The emission rate of 70 g CO 2 -eq./kWh has also been published [81, 82] , while the value of 31 g CO 2 -eq./kWh was presented in [82] .
The above-mentioned values were reported in the literature for the PV aspect of the energy system. However, a part of the aims of this paper is to assess the impact of battery in the off-grid PV system. Therefore, we use the LCER of 24250 g CO 2 -eq./kWh, respectively, for the lead acid battery, while the corresponding value of 26,300 g CO 2 -eq./kW is used for the inverter based on the studies published in [69, 71] . Again, we make use of these values from the literature because of the lack of LCA data/inventory in Nigeria for PV, battery and inverter. We depend on the values to achieve approximate assessment of the PV/battery system that can aid the understanding of the life cycle impact of an off-grid PV system, rather than the current assumptions in the country that solar PV systems are 100% carbon neutral. The yearly energy output of the PV system in kWh can be estimated by [76] :
where S IRR , A, η PV , and PR represent the solar irradiation (kWh/m 2 /yr), area of the PV array (m 2 ), PV module efficiency (%), and performance ratio (%), respectively.
Battery Capacity
This study uses the Hybrid Optimisation Model for Electric Renewables (HOMER) tool to simulate the battery bank. The tool simulates the operation of an energy system by making energy balance assessments for each of the 8760 h in a year [83] . For each hour, it compares the energy generation and the demand in the hour to the energy that the system is capable of supplying at that given hour, and estimates the flows of energy to and from each component of the energy generation system. HOMER is a commercially available tool for simulating microgrid systems and components such as PV, wind generator, hydro generator, biomass, battery bank, converters, electrolyzer etc. After simulating the possible system configurations, the tool helps to display a list of configurations, sorted by the life cycle cost for comparing the system design options and decision making.
The battery bank size, energy demand and the autonomy are related by the standard expression represented by [68, 76, 77, [82] [83] [84] [85] :
where Since the minimum battery state of charge corresponds to the maximum depth of discharge (DoD), Equation (3) can be rewritten as follows, also considering a nominal voltage, V n for the battery bank.
The battery bank size in Ah, in this case, is the product of N b and Q n , which can be calculated by:
The number of battery cells is an important parameter in this study as it affects both the cost and reliability of the system.
Optimum Battery Capacity
In HOMER simulation environment, the battery charge power that corresponds to the maximum charge rate (MCR) by:
where P mcr , α c , ∆t, Q max , and Q represent the battery charge power at MCR (kW), battery's MCR (A/Ah), length of the time step (hr), battery bank's total capacity (kWh) and battery bank's total energy at the beginning of the time step (kWh), respectively.
The maximum charge power of the battery bank that corresponds to the maximum charge current (MCC) by:
where P mcc and I max stand for the maximum charge power at MCC (kW) and battery bank's MCC (A).
The maximum battery charge power is then equated to the minimum of the three parameters, assuming each applies after the charging losses as
where P max and P kbm represent the maximum battery charge power (kW) and the maximum amount of power that can be absorbed by a battery bank each time step according to the kinetic battery model (KBM) principle [83] . This paper evaluates the reliability and the cost of energy (COE) as means to select the optimal battery technology. The battery is crucial to the reliability of off-grid solar electricity systems. The reliability is examined in terms of the LOPP, which is estimated by [86] :
where D ud and D td are the unmet demand and the total demand over the year. The cost could be divided into fixed and non-fixed costs. The fixed cost in this case, includes the initial and the installation costs of the battery bank, while the non-fixed costs, otherwise referred to the variable costs include the replacement and the maintenance costs over the project life. The costs or cash flows over the specified project life are estimated in terms of present value using the present value factor [85, 87, 88] :
where P v , F v , i, d, and n represent the present value, future value in the nth period, inflation rate (%), interest rate (%) and number of years or periods. The life cycle cost (L c ) is estimated by using the capital recovery factor (C r f ) as
while the COE is calculated by
In practical terms, there is usually a trade-off between the reliability of energy supply and the cost. This is because achieving the highest system reliability may not be economically feasible, but this paper shows with evidence how these two critical factors can inform battery selection.
The life span of the battery bank is determined by [85] :
where L S and C C represent the battery's lifespan (in years) and cycle, respectively. The capacity of the PV inverter is estimated by [70] :
where S Inv and L t represent the inverter size and the total load, respectively. Table 4 presents the input parameters. 
Result and Discussion

PV Energy Output
The yearly output of the PV array is presented in Figure 10 , which has previously been shown in [66] . We include this result in this current paper to provide the information necessary to understand the total impact of the proposed grid-independent PV system. The convention in photovoltaic engineering is that the energy generated by the PV array is used to charge the battery bank, while the users receive an energy supply from the inverter [5] . Therefore, even though this paper majorly focuses on the review of battery, optimal battery sizing and technology selection strategy and the evaluation of their impact in an off-grid PV system, it is also necessary to mention other main components that works with the battery to supply energy to the users. The 1.5 kW PV array consists of six units of 250 W NASENI solar module [67] , which were locally assembled and fabricated in Nigeria. The energy produced by the PV array in the NE, NW, NC, SE, SS and SW locations are about 446, 434, 395, 358, 299 and 382 kWh/yr, respectively. It is obvious that the electricity produced by the PV systems follow the same trend as the locations' solar irradiation. This is because energy generation by a PV system is a function of the irradiation of the site [74] , therefore, the disparity in the energy produced by the same 1.5 kW PV in the locations is expected because of the difference in the solar energy potential.
Size of the Battery Banks and the Inverter
The sizes of the battery banks in the locations are presented in Figure 11 . The result demonstrates that the battery capacity follows the users' demand trend. The size of the battery for the systems at the NE, NW, NC, SE, SS and SW locations are about 925, 919, 620, 635, 611 and 794 Ah, respectively. The battery sizing is guided by IEEE standard [5] and the Trojan battery design procedure [85] . The specifications of the battery cells used for the application are shown in Table 5 . The types of battery cells are obtained from the Hybrid Optimisation Model for Electric Renewables (HOMER) simulation tool's library [83] , while the configuration and the number of cells required are determined based on Ampere-hour (Ah) capacity needed for the application.
A maximum DoD of 80% is commonly used for grid-connected energy systems, while a maximum DoD of 50% is recommended for off-grid systems [5, 85] . Therefore, the battery sizing analysis in this paper has been based on a maximum DoD of 50% for the off-grid PV system considered. Three different battery technologies were selected from the HOMER library for the application.
However, there is the need to provide analysis to determine the optimal technology for each case or location. These lead-acid flooded battery technologies include Surette S 460, (6V 460 Ah) [83] , USB US-305 (6V 305 Ah) [89] , and CG2 800 (2V 800 Ah) [90] , and as referred to as technology 1, technology 2, and technology 3, respectively, in the subsequent discussion. Again, the lead-acid battery has been selected for the analysis because of its commercial maturity and cost-effectiveness compared to other systems [4, 25] , and it is the most widely used battery storage technology for off-grid applications around [91] .
Technology Selection for NE Location
The results shown in Figure 12a -c reveal the relationship between the number of batteries, LOPP and the COE for the system in the NE location. The number of battery, apart from being a function of the battery size, it determines the optimum point for the two critical factors -LOPP and COE. Such an approach provides an opportunity for the designer to decide on which level of reliability and cost that the energy system will be based.
The least number of cells in Figure 12a The results demonstrate that the LOPP decreases as the number of battery cells increases, while the COE increases as the number of battery cells increases. Achieving the highest reliability is associated with highest COE, while the least reliability incurs relatively low COE. What this implies is that it will be highly expensive to provide a 24 h electricity supply to the users, but they could use conventional generators for the shortfall. The configuration with the minimum LOPP or COE is considered in this study as the optimum option.
Therefore, for the NE case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 8, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the given demand in Figure 9 . The results further demonstrate that technology 3 gives the optimum reliability and cost when the number of battery cells is 252, compared to the other two technologies. 
Technology Selection for NW Location
The least number of cells in Figure 13a The results are similar to those of NE location. They also reveal that the LOPP decreases as the number of battery cells increases, while the COE increases as the number of battery cells increases. The configuration with the minimum LOPP or COE is also considered to determine the optimum option(s). Therefore, for the NW case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 8, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the specified demand in Figure 9 . The results further show that technology 3 gives the optimum reliability and cost when the number of battery cells is 300 compared to the other technologies. 
Technology Selection for NC Location
The least number of cells in Figure 14a The LOPP decreases as the number of battery cells increases, while the COE increases as the number of battery cells increases. For the NC case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 4, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the specified demand in Figure 9 . The results further reveal that technology 3 gives the optimum reliability and cost when the number of battery cells is 24 compared to the other technologies. 
Technology Selection for SE Location
The least number of cells in Figure 15a The LOPP decreases as the number of battery cells increases, while the COE increases as the number of battery cells increases. For the SE case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 8, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the specified demand in Figure 9 . The results further demonstrate that technology 3 gives the optimum reliability and cost when the number of battery cells is 48 compared to the other technologies. 
Technology Selection for SS Location
The least number of cells in Figure 16a For the SS case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 8, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the respective energy demand in Figure 9 . The results further show that technology 3 gives the optimum reliability and cost when the number of battery cells is 48 compared to the other technologies. 
Technology Selection for SW Location
The least number of cells in Figure 17a For the SW case, the technology 1 is the optimum option in terms of cost as it has the least COE for the minimum number of cells of 8, while technology 3 is the optimum option in terms of reliability as it gives the lowest LOPP for the minimum number of battery cells of 12 for the respective energy demand in Figure 9 . The results further show that technology 3 gives the optimum reliability and cost when the number of battery cells is 216 compared to the other technologies. The selected battery sizes and the required number of cells are shown in Table 5 . The cells are connected in series to get the required voltage, while they are stringed to get the required ampere-hour capacity. The same battery specification has been used for the systems in NE and NW; also, other type of the same specification is used for NC, SE and SS because of the proximity in the Ah capacity based on the aforementioned analysis and selection strategy. The cycle and DoD characteristics of the selected batteries are presented in Figures 18-20 . The cycles that correspond to the DoD of 0.5 are 1450, 1450, 1150, 1150, 1150 and 1650 for the sites. These are presented in Figure 21 , including the lifespan of the battery cells. The battery lifespans are 3.97, 3.97, 3.15, 3.15, 3.15, 3.15 and 4.52 for the specified locations.
The peak load for the locations ranges from 0.284-0.430 kW, so a 1 kW inverter system is selected for the application. 
Impact of the PV Array Only
The lifecycle GHG emissions of the 1.5 kW PV array for the locations as presented in the previous study [66] range from 1907 to 5819 kg CO 2 -eq. A project lifetime of 25 years has been assumed for the analysis and the detailed values are shown on Table 6 .
Impact of the PV Array with Battery and Inverter
The environmental impact of the components of the grid-independent PV systems in all the locations is summarised in Table 6 , while Figure 22 shows the contributions by the systems in different locations. The lower and the higher GHG values for the PV are based on the two input LCERs of 37.3 and 72.2 g CO 2 -eq. from the literature [68] . It is observed that the battery bank has GHG emissions impact ranging from about 36-54% in the system. The number of replacements of the Surette S 460, USB US-305, and CG2 800 cells is 5, 6, and 4, respectively, at a DoD of 50%, while that of the inverter is 2. Though the PV electricity system requires relatively smaller battery sizes for the locations, the impact is significant because of relatively shorter life and the frequent replacements of the battery cells over the system's project life of 25 years. The analysis presented above is based on a DoD of 50%. In the operation of batteries, it is possible to have DoD> 50% because of the increased users' energy consumption. Therefore, this study assesses the effect of a higher DoD on the GHG impact by considering new DoD of 65 and 80%. The cycling capacities of the batteries in the location in this situation are 1300, 1300, 1035, 1035, 1035 and 1285 for the DoD of 65%, while the values obtained for the DoD of 80% are 875, 875, 675, 675, 675 and 850, respectively. These values are lower compared to the initial values of 1450, 1450, 1150, 1150, 1150 and 1650 for the DoD of 50%. The results presented in Figure 23 reveal that the increased DoD leads to an increase in the battery GHG impact. The new battery impacts range from 2961-3364 kg CO 2 -eq. and 4160-4844 kg CO 2 -eq.
Furthermore, the analysis presented in Table 6 is based on the battery DoD of 50%. Therefore, the percentage impact of the batteries for DoD of 65% and 80% is about 36-61% and 45-68%, respectively, with the corresponding PV impacts of about 39-63% and 31-54%. The results of the battery GHG impact can be compared with the values of about 11% and 86% reported in the literature [73] for PV array and battery components of a Solar Home System (SHS). The other values obtained by the same author are about 18% and 75%, respectively. These demonstrate that the battery system has a significant environmental impact in a solar PV system because of the relatively short lifespan of the battery cells.
Strategy to Minimize Battery Impact
The impact analysis presented in this study with reference to the literature has established that batteries have a significant environmental impact in an off-grid PV system. It is also necessary to consider the possible strategies to minimize this impact, to contribute to the achievement of the desired environmental sustainability in the future.
Making efforts to lengthen the battery lifetime, for instance by improving the charge/discharge control system and educating the users on battery maintenance and management [73] , will be useful for achieving decreased environmental impacts. Based on our field experience, we have found that several energy users within the remote communities in Nigeria do not understand how to maintain battery banks. The reason is that it is a common practice by politicians to distribute renewable energy systems, especially the community-based PV water pumping and street lighting systems, to communities mainly for campaigning purposes without any plan to sustain the continuous operation of such systems. The users consider this as a donation and do not commit themselves to the maintenance of the systems, which is why there is an increased PV system failure in the country.
The poor operation of battery banks results in their short lifespan. It is against this backdrop that it is necessary to educate and train the users on the best approach to properly maintain and manage battery systems, with the overall goal of reducing their environmental impact.
In addition, the use of quality batteries with relatively high performance and lifespan, such as the Hoppecke OPzS Vented lead-acid battery that has an expected life of up to 20 years with a cycling capacity of 1500 at DoD of 80% [93] , though this has a higher cost, can help to minimise the environmental influence of batteries. This is also the case of advanced battery technologies that have the potential to experience only a single replacement over a PV plant's life span of 20 years [94, 95] .
Another way to reduce the environmental impact of batteries is using effective recycling system. Most batteries contain toxic materials. For instance, lead is one of these toxic metals and after the useful life of the battery, it is necessary that proper management takes place, i.e., collection and recycling [95] . The battery's useful life is referred to the time during which it can be charged and retain the charge, usually estimated to be between 1 and 5 years for conventional lead acid batteries.
Unless recycling is done, certain toxic materials pose a potential threat to the environment and human health. In addition, it is easier and less energy intensive to recover scrap batteries than producing a new one from the ore, e.g., the production of recycled lead material requires only about 35-40% of the energy required to produce new lead material from the ore [95] . However, there is a dearth of battery recycling technologies or plants in Nigeria, including several developing countries that are currently adopting grid-independent PV system for electrifying remote communities.
Therefore, the involvement of government in this situation is necessary to help develop policies and legislations that will guide the use of batteries and enable the widespread application of battery cycling, to reduce the risk of environmental threat posed on people by the battery cells after their useful life. The battery recycling plant, in this case, is expected to be a hub for recycling used batteries from renewable energy systems and other applications, such as car/traction or batteries used in the industries.
New and Future Battery Technologies
Advanced Battery Technology
UltraBattery
This battery technology is essentially a hybrid lead acid, which integrates the battery and the supercapacitor at the electrode plate part [41, 94] . The lead acid and the capacitor are combined in a single cell arrangement. The lead dioxide is the positive electrode of the lead-acid battery, while the spongy lead serves as the negative electrode. The capacitor has the same electrode as the lead acid battery but its negative electrode is the porous carbon [41] . Because both systems have the same positive electrode, lead dioxide, it is possible to connect the lead negative electrode and the capacitor negative electrode in parallel and arranged in the same cell with the positive electrode.
The asymmetric capacitor electrodes have a property of generating hydrogen gas during charge because of the porous carbon material they are made of. Furthermore, hydrogen inhibitors are required in the UltraBattery technology for suppressing the generation of hydrogen gas during charge to the same level of that of lead electrode. The structure of the battery is shown in Figure 24 . One of the advantages of this technology is that it has a smaller DC voltage window than that of a conventional supercapacitor alone, and can, therefore, use lower cost DC-to-AC conversion systems [94] . In addition, the carbon-supercapacitor characteristics make the battery system to be able to handle high power peaks and operate for a longer time in the partial state of charge (pSoC), which is one of the short-comings of the conventional valve regulated lead acid (VRLA) battery. The capacity of the UltraBattery to operate in the pSoC for a longer time mitigates the deteriorating effect of the conventional lead-acid technology that leads to shorter lifespan [96] . The shorter lifespan of the conventional battery technology contributes to higher number of replacements and increased environmental impacts in PV systems. The UltraBattery has a long cycling capacity and lifespan with less frequent replacements like the conventional VRLA systems and has a lower lifetime cost/kWh [97] , and it can be almost completely recycled into a new battery (96% specifically) [98] .
The Advanced Lead Acid Battery Consortium (ALABC) has conducted a study which reveals that some VRLA systems can achieve significant partial charge operation in PV system. For instance, it was found that VRLA tubular gel technology operated between a state of charge (SoC) of 10% and 40% at 40 • C, supports the cycling capacity of 2100 [94] . The UltraBattery has typical DC-to-DC efficiency ranging from 86% to 95%, which is higher than the efficiency of a conventional lead acid battery [96] . Therefore, it can accept charge more efficiently compared to the VRLA technology, and suitable for microgrids, commercial and household energy storage, grid ancillary services, renewable energy integration, transport system and multipurpose backup for data centers with deep-cycle applications ranging from 0.4-10 MW [98] .
PbC Capacitor Battery
The PbC battery technology is essentially an asymmetrically supercapacitive lead-acid-carbon hybrid battery with a multi-cell arrangement [41] . The negative electrodes in the lead-acid batteries are spongy lead plates, while the negative electrodes in a PbC battery are five-layer arrangements that involve two carbon electrodes, two corrosion barriers and a current collector. The Axion Power International Inc., that developed this technology has revealed that the PbC technology can withstand a cycling capacity of 1600 before failure in a deep-discharge application, e.g., 90%. This performance is better than conventional lead-acid batteries that can only operate around 500 cycles under such operating conditions. This translates to a relatively high lifespan and less replacements over a specified period, faster recharge rates and minimal maintenance.
Battery with Current Collector Improvement
Practically, what relates the battery's specific energy in (Wh/kg) and the cycling capacity (i.e., charge/discharge cycles) of lead-acid batteries (both vented and the valve regulated types) is that the higher the specific energy the lower the battery's cycling capacity [41] . Based on this, it is necessary to enhance both the specific energy and the cycling capacity of the conventional lead-acid batteries to make them more suitable for power applications in the future.
The low utilization efficiency of the active mass on the positive electrode and the weight of the lead current collectors are two major factors that limit the specific energy of the lead-acid battery. The structural arrangement of the current collector is an important factor for determining the utilization efficiency of the positive active mass (PAM) [41] . Examples of this arrangement are lead alloy-coated reticulated carbon and the lead alloy-coated polymer current collectors that can achieve PAM utilization efficiency of 55-63%, compared to the conventional grid having a value of 25%.
The initial R and D reports and tests suggest cycling capability during high rate (pSoC) operation of lead-carbon batteries to range from 4-5 times higher than a comparable VRLA battery (e.g., 12,000 cycles at DoD of 10% with lead-carbon vs. 2000 cycles with conventional VRLA), making the PbC battery system a promising low-cost technology for future application [4] .
Advanced Sodium-Metal Chloride Batteries
The novel Na-FeCl 2 ZEBRA battery is a promising technology for future stationary applications. This is because of the low material costs of Fe cathode and relatively high cycling performance, including good DC output voltage and energy density [99] . The research output presented in [99] reveals that the Na-FeCl 2 can achieve an energy density and efficiency of about 135 Wh/kg and >92%, respectively, compared to the corresponding values of~100-120 Wh/kg and~85-90% for the traditional ZEBRA battery (Na-NiCl 2 ) [55] .
The battery technology is continually being researched and given attention, and due to the mentioned features and its other inherent properties such as the appreciable safety and reliability, the technology is a promising battery alternative to the relatively expensive Na-NiCl 2 for electrical applications.
High Performance Sodium Copper Chloride
The Na-CuCl 2 batteries are also currently being researched and found to be a promising alternative to the Na-NiCl 2 through its excellent technical performances. This battery's cathode has the potential to deliver a high energy of about 580 Wh/kg with a cycling capability of >1000 and relatively high round-trip efficiency of about 97% [100] . Kim et al. also maintained that this battery chemistry can be extended to copper halide materials such as CuBr 2 and CuF 2 that show exciting performances when used as cathode materials for the Na-Cu halide technology.
Nanostructured Energy Materials in Lithium Batteries
The lithium battery is nearly reaching its theoretical energy density because of the limitation of the anodic and cathodic materials [101] . While the advanced battery systems such as lithium metal, e.g., Li-S and Li-O 2 technologies are still under development, the application of nanostructured materials is expected to provide an efficient means to improve the battery system's performance [101] [102] [103] .
Generally, the Li-ion battery has some advantages over the lead-acid and Ni-based battery technologies such as the high energy density, long lifespan etc. However, the state-of-the-art Li battery technology will not be able to meet up future applications in terms of high energy density because of the limited specific capacity of the anodic graphite (372 mAh/g) and the oxide cathode (100-400 mAh/g) [103, 104] .
Apart from this, there is the need to enhance the Li battery's power density to meet up with the developments in modern EVs. This gives appreciable directions for research and developments in nanostructured electrodes for the Li technology, whose advantages include high electronic and ionic conductivity, high specific surface area, high utilization of active materials, long cycling capacity etc [103] .
The Li battery technology with nanostructured energy materials could achieve relatively high energy and power density for future electric power applications with minimum environmental impact. In a Li-S battery arrangement, for instance, the lithium anode and the sulfur cathode can achieve a very high theoretical specific energy of 3860 and 1672 mAh/g, respectively. Apart from the possibility of achieving the energy density, sulfur cathode is readily available as it is abundant, cost effective and non-toxic. This will make it possible for the Li-S technology to achieve relatively low environmental impact compared to the conventional lead acid batteries.
Metal-Air based Batteries
These battery technologies use metal as the fuel and the air as the oxidant, and are considered the most compact and potentially the cheapest battery [1]. They are environmentally friendly, though they have a low round-trip efficiency of <50% and a cycling capability of a few hundreds, they have the potential of achieving cost effective storage solutions with less environmental hazards compare to the conventional lead-acid batteries.
Therefore, there is a need for intensive research to further develop the electrical rechargeability of these systems for secondary battery applications in the future. Examples of these systems are lithium air [103] , zinc air [1], sodium-oxygen [105] , aluminium air, magnesium air and iron air systems [106] . The parameters of various metal-air batteries are shown in Table 7 , [106] . These batteries have been investigated to have very high theoretical energy density of around 2-10 times more than that of lithium-ion battery technology [56, 106, 107] , which makes them to be a promising energy storage option for future electrical application despite their current technical challenges. 
Criteria for Battery Selection
It is necessary to consider certain decision variables in the selection of battery systems. These include the initial cost, lifetime, installation cost, maintenance cost, shipping cost, replacement cost, disposal cost, safety, cycling capacity and round-trip efficiency, reliability and environmental impact [108] . This is because they basically affect the type of battery technology that is employed for a specific power application. This study has demonstrated how the reliability and cost factors form a major criterion for selecting battery technologies for off-grid solar energy generation applications.
Generally, the cost of solar PV modules has drastically reduced over the past decade [91] , which is one of the factors that have contributed to the widespread application of photovoltaic electricity both for on-grid and off-grid applications around the world. However, this is not the same with the battery systems. Batteries are more expensive than the PV modules in a typical PV system application, for instance, one of the recent studies on the techno-economic evaluation of PV microgrid reveals that the cost of the battery bank ranges from 40-46% of the total microgrid cost [109] . This demonstrates that the total cost of battery-initial, installation, maintenance, shipping, replacement and disposal cost is one of the key factors that affect the selection of batteries.
Moreover, the initial cost can, to a large extent, determine the expected lifetime, efficiency and cycle performance of batteries, since the battery cells with higher performances will be more expensive than those with relatively lower performances, e.g., Li-ion versus lead acid batteries in terms of efficiency and energy density. Some batteries have a higher maintenance cost, such as the vented or flooded batteries because of the routine top up of the electrolyte in the cells [1, 5, 41] , while some others have relatively low maintenance cost, e.g., the VRLA battery technologies that do not require topping up of the electrolyte, OPzS battery, UltraBattery etc.
In addition, battery cells are usually replaced a number of times over an energy system's project life, which gives rise to replacement costs over the system's lifecycle; the disposal cost is incurred at the end of the battery's useful life. Batteries are usually transported from a manufacturer in one country or location to another and are finally delivered to the site where they are installed, which give rise to the shipping and the installation costs. The optimal battery solution is the one that has the lowest lifecycle cost, i.e., $/kWh, which is strongly connected to the mentioned decision variables [5] .
Apart from the economic consideration, it is crucial to consider the safety of operation and the environmental impact of the battery. The use of batteries with a high degree of operational safety and a low environmental impact is encouraged and advocated [14] . Therefore, battery technologies are usually taking through extensive compliance testing before they are certified safe to be operated by the users [93] . The minds of the intended users will be at rest when the battery system is safe to use.
Ascertaining the environmental risk or impact of using or operating a type of battery is another important consideration. The impact is a function of the battery materials. For instance, lead and cadmium are very toxic materials [1] , and the energy planners, developers and users-alike are being conscious of the risks of using these batteries. Therefore, the standard procedures of operation are recommended and the use of effective recycling process is employed after the battery system's useful life. Apart from cost, the lifetime of a battery is dependent on its use. A properly operated and maintained battery system will have longer life, less replacements over time, thus, resulting in lower environmental impacts.
Future Work
The lead-acid batteries remain the commonly used storage system for off-grid energy generation applications both in the developed and the developing countries of the world [91] . The developed countries have standards and policies guiding the use of these batteries, but these are not available in several developing countries, including Nigeria.
Over 60% of Nigeria's citizens, for instance, do not have access to the national grid [109] ; it is against this backdrop that grid-independent solar PV systems are proposed for off-grid communities and households in the country. This is also the case with several other developing countries such as Bangladesh, Malawi, etc. [110] . Based on this development, as the rate of deployment of PV/battery systems increases, it is also important to consider the possible standards and policies that guide the use and end-of-life management of the batteries. Therefore, our future work will be based on the recommendation of policies that can possibly guide the deployment and widespread application of PV/battery systems in developing countries, and the modality for recycling decommissioned plant components toward actualising the environmental sustainability.
Conclusions
This research has presented an overview of the battery energy storage technologies for electrical power application. It has also compared the technical properties and performance of the various systems such as the cycling capacity, power and energy densities, round trip-efficiencies and the costs. The existing battery technologies considered include lead-acid, sodium sulfur, sodium-nickle chloride, nickel cadmium, lithium-ion, zinc-bromide, polysulfide bromine and vanadium-redox.
It has also proposed a general strategy for optimal battery sizing and technology selection in a typical stand-alone photovoltaic (PV) system. This approach considers two critical energy generation design factors such as the reliability and cost. The reliability has been examined in terms of the loss of power probability (LOPP), while the cost has been considered in terms of the cost of energy (COE), using the life cycle cost analysis. The battery banks were simulated in Hybrid Optimisation Model for Electric Renewables (HOMER) environment. The selection strategy results demonstrate that the LOPP decreases as the number of battery cells increases, while the COE increases as the number of battery cells increases for the six different energy configurations. Therefore, the configurations with the minimum LOPPs or COE have been selected as the optimum options. The approach and results can be repeated for any other location around the world.
Furthermore, there is currently an increased use of batteries than ever due to the widespread application of renewable energy systems around the world. As a result, the issue of environmental risk and the potential hazard to human health by the use of batteries is very crucial in the energy system field of practice. This is because some of the battery materials are toxic, e.g., lead, cadmium etc. Therefore, efforts have been made in this paper to examine the environmental impact of batteries in a renewable energy system, using a 1.5 kW stand-alone solar PV system as a case study. The energy system was considered for 6 different locations in Nigeria and the GHG impact was estimated based on the life cycle emission rate reported in the literature. The results demonstrate that the battery has a significant impact in the off-grid PV system, achieving GHG impact of about 36-68% in the PV system for battery depth of discharge (DoD) values of 50-80%.
The study demonstrates that the battery impact is attributed to the shorter lifespan of the battery cells and their frequent replacements over a 25-year project life. Though the results are approximate, they can be useful for better understanding of the life cycle environmental impact of batteries in a typical stand-alone PV system. Therefore, making concerted efforts to lengthen the battery lifetime, for instance, by improving their charge/discharge control system and educating the users on battery maintenance and management, will be useful for achieving decreased environmental impacts.
The paper discussed new batteries such as advanced valve regulated lead-acid, lead-carbon, metal-air technologies, UltraBattery, battery with current collector improvement, advanced sodium-metal chloride, high performance sodium-copper chloride and nanostructured energy materials in lithium batteries, which are new and promising battery technologies for future applications with improved cycle life performance, higher lifespan and lower cost that can achieve lower environmental impacts. The study also highlighted the decision variables for selecting battery systems for electrical power applications, which can be useful for planning purposes.
The absence of effective policies and recycling systems for batteries in several developing countries means that there is the danger of serious environmental risks in the future, as there is an increased interest in the adoption and deployment of PV/battery system in these countries. Our future work will focus on the policy recommendation for widespread use and management of battery systems.
